Evolutionary relationships of four plastid genomes (plastomes) from different Oenothera species have been assessed by sequence comparisons of two intergenic regions that separate the ribosomal protein genes rp116, rp114. and rps8. Sequence changes include base substitutions, the occurrence of a 29-base tandem duplication, and variation in the length of two poly-A stretches. Additions/deletions in chloroplast DNA may not be useful for evolutionary comparisons more distant than these, particularly if the sequences undergo divergence after the initial event, but the length mutations reported here allow a finer resolution of the phylogeny of the closely related Oenothera plastomes than would have been possible if only base substitutions had been considered. Comparisons with the orthogous sequence from tobacco chloroplast DNA indicate the direction of change at most of the sites. The results suggest that plastomes I and II are closely related to each other, as are plastomes III and IV. Replication slippage is proposed as a mechanism to explain the length mutations.
Introduction
The plastid genome (plastome) is evolutionatily conservative, both in terms of gene order and DNA sequence (Curtis and Clegg 1984; Zurawski et al. 1984; Palmer 19850, 198.56; Zurawski and Clegg 1987) . Nonetheless, comparisons of chloroplast DNA (cpDNA) from different 'species reveal variation in restriction-endonuclease digestion patterns (e.g., see Gordon et al. 1982; Salts et al. 1984; Stein and Hachtel 1986; Doebley et al. 1987; Ali et al. 199 1) . Many of the restrictionfragment-length polymorphisms (RFLPs) in cpDNA are due to insertion/deletion events (Salts et al. 1984; Zurawski et al. 1984; Bowman and Dyer 1986; Aldrich et al. 1988; Stein and Hachtel 1988a, 19883; Dally and Second 1990) , and some evidence suggests that they occur preferentially in hot spots (Kung et al. 1982; Doebley et al. 1987; Chiu et al. 1990; Ali et al. 199 1 ), including AT-rich regions (Zurawski et al. 1984) .
To examine the processes responsible for evolutionary changes in cpDNA and to begin an evaluation of the biological significance of these changes, we have studied variations among plastomes from the subsection Oenothera of the genus Oenothera. Among the subsection Oenothera, five distinct plastomes have been identified by their impact on chloroplast development in different nuclear backgrounds (reviewed by Kutzelnigg and Stubbe 1974; Stubbe 1989) , their transmission abilities (Schoetz 1974; Chiu et al. 1988) ) and their DNA restriction patterns (Gordon et al. 1982) . Stubbe ( 1964 ; also see Kutzelnigg and Stubbe 1974) has postulated that plastome type IV is the most "primitive" plastome in the subsection because it is compatible with a wide range of nuclear backgrounds, and yet it is the weakest in terms of its competitive transmission ability.
Many restriction-fragment polymorphisms distinguish the five basic plastome types of the subsection Oenotheru (Gordon et al. 1982 ), yet, to date, no sequence alterations in cpDNA genes have been found in the limited studies of this genus (Johnson and Sears 1990b; Offermann-Steinhard and Herrmann 1990) . In coding regions, the types of changes that can occur are constrained by the necessity of maintaining gene function. Therefore the current investigation was designed to provide sequence data for two intergenic, noncoding regions of the cpDNA molecule.
Material and Methods

Plant Material
According to methods described by Chiu et al. ( 1988) , we utilized Oenotheru eluta strain Johansen containing plastome I, II, III, or IV, grown either in tissue culture or on sandy soil in a greenhouse.
Chloroplast DNA Isolation and Cloning CpDNA was isolated as described by Chiu et al. ( 1990) . A chloroplast rpll6 gene probe of Chlamydomonas reinhardtii, which had been cloned and provided by W.-L. Chiu, was used to identify a 2.5kb EcoRI DNA fragment, containing the homologous region of cpDNA from Oenothera plastomes I-IV. This DNA fragment was gel purified from an EcoRI cpDNA digest of each plastome and cloned into the EcoRI site of pUC 18. The plasmids were maintained in Escherichia coli strain GM48, a dam-and dcm-mutant (Marinus 1973 ) , in order to be able to digest them with Bcf I restriction endonuclease.
Ml3 DNA Cloning and Sequencing
Replicative-form DNA from M 13mp 18 and M 13mp 19 was prepared according to the Triton lysis method described by Ausubel et al. ( 1987, pp. 1.7. l-l .7.7) . Two BcfI/XbaI DNA fragments, -560 bp and -620 bp, from each plastome were designated a and b, respectively ( fig. 1 B) and were subcloned into BamHI/XbaI sites of both M 13mp 18 and M 13mp 19. The preparation of single-stranded M 13 DNA (Messing 1983) and dideoxy DNA sequencing (Sanger et al. 1977 ) were performed as described by Blasko et al. ( 1988) , and the extended Klenow technique was used as described in the 1987 BRL publication, Focus 9( 3).
Computer Analyses of DNA Sequence DNA sequence similarity was assessed using the Pustell (IRL) and Microgenie (Beckman) DNA/protein analyses software. The sequence data from both coding and noncoding regions of plastome IV (0. ammophilu) have been transmitted to GenBank, under Accession numbers given below under Sequence Availability and in the figure legends. 
Results
Restriction Mapping and Sequencing of the rp116-rp114-rps8 region A heterologous probe for the Chlamydomonas chloroplast rp116 gene was used in Southern blots to allow us to identify and clone a 2.5kb EcoRI fragment from four plastomes of Oenothera. In the course of these experiments, this fragment was mapped to the large single-copy region of the Oenothera cpDNA, close to its junction with the inverted repeat (data not shown ). Fine mapping of the cloned region with restriction endonucleases ( fig. 1 A) revealed two distinct XbaI / BcZI fragments (a and b in fig.  1 B) that vary in size among the plastomes. Since these fragments were likely to contain at least one intergenic region, they were subcloned and sequenced. Alignment of the DNA sequence with the published sequence of tobacco cpDNA shows that fragment a contains a substantial part of the end of the rp116 gene, a third of the rp114 gene, and the entire spacer between these two genes (figs. 1 and 2). The other XbaI/BcZI restriction fragment, fragment b, contains the other end of the rp114 gene (about a third of the entire gene), about half of the rps8 gene, and the whole rp114-rps8 spacer (figs. 1 and 3).
Base Substitution in Adjacent Coding Regions
From our sequence data of 7 18 bp of cpDNA from the coding regions of the three ribosomal protein genes, only two basepair substitutions were detected when plastomes I-IV were compared. In each case, the base identical to the tobacco nucleotide was considered to be the conserved base. The first base mutation is a transition from C to T at the seventh base from the end of the rp116 gene in plastomes I and II (table 1 and fig. 2 ). The second point mutation is a transversion of T to G at the base equivalent to tobacco base 83,771, 103 nucleotides from the 3' end of the rp116 gene in plastomes III and IV (data not shown). Neither change is expected to alter the amino acid sequence of the rp116 protein in Oenothera.
For rp116, of the 273 bp of coding sequence examined, an additional 32 base substitutions distinguish all of the Oenothera plastomes from the Nicotiana tabacum plastome. This translates into eight amino acid differences. In the 226 bp sequenced from the rp114 coding region, 24 distinguish the Oenothera plastomes from tobacco, resulting in eight amino acid changes. In the 219 bp of the sequence data obtained 
AAAAAAA------gAaACAt gCGgt.ttcGT TTcaTATC--TAAGAgccCT 83,646
TTCcgCaTTT ttTTCTA--T TaC-ATta C G AAATAATGAA TTGAGTTCGT ATAGGCATTT 03,103 rp116 (N.t.)
FIG.
2.-DNA sequence for the rplZ4rp116 intergenic region. The four &no&m (0) plastomes (I-1V)arealignedwiththe homologous region from cpDNA of Nicotiuna tabacwn( N.t.). The 5'endofthe sequence is given at the top left, with numbering of the tobacco cpDNA sequence taken from Shinozaki et al. ( 1986) and with numbering of the Oenothera plastome I sequence starting with 1 for the region shown. The direction of the reading frames is shown by the long arrows pointing to the left. For the end of the rp116 genes, the termination anticodons are in italics. The rplI4 genes begin at base 54 (0) and 83,543 (N.t.) . Arrows pointing to the right show the presence of close-lying direct repeats. Lowercase letters indicate bases in the tobacco sequence that differ from those in Oenothera. while dashes indicate the absence of a comparable sequence. A box marks the position of a base substitution that differentiates the four Oenotheru plastomes. The GenBank accession number is M60 179.
forthe rp.s8locus,26 positionsdifferfromthetobaccosequence,resultingin 16 amino acid differences between these genera.
DNA Changes in Noncoding Regions
Both point mutations and insertion/deletion mutations were found in the noncoding regions of the Oenothera plastomes:
The rp116-rp114 spacer Figure 2 presents the sequence comparison of the rpZ16-rpl14 spacer of the four Oenothera plastomes and the IV. tabacum plastome. Many base changes distinguish the Oenothera and tobacco plastomes in this region; our best alignment shows 73% similarity between these genera, if deletions and insertions are weighted as single base differences. Two stretches of A residues are found in this intergenic spacer, and both are longer in the Oenotheru plastomes than in the plastome of tobacco. The oligo-A 'TCTATTCATG TCAACATTTC GTATACAGGT TATTATGTCA GCAATAGTGT CCCTACCCAT6'  O-II TCTATTCATG TCAACATTTC GTATAGAGGT TATTATGTCA GCAATAGTGT CCCTACCCAT  O-III TCTATTCATG TCAACATTTC GTATAGAGGT TATTATGTCA GCAATAGTGT CCCTACCCAT  O-IV TCTATTCATG TCAACATTTCGTATAGAGGT TATTATGTCA GCAATAGTGT stretches are separated by 14 bp, and the number of adenine residues in each stretch varies among the plastomes ( fig. 2 and table 1 ). The two stretches of A are bracketed by the same two pairs of bases: GT(A),GA. No other differences were found to differentiate the Oenotheru plastomes in this intergenic region.
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The rp114-rps8 spacer
DNA sequence analysis of the second spacer region from the four Oenothera plastomes reveals many changes in comparison with the homologous intergenic region from tobacco ( fig. 3) . The tobacco spacer is 168 bp long, while in Oenothera the spacer has >320 nucleotides. In addition to a few small (<6-bp) insertions/deletions that differentiate the two genera, the Oenotheru plastomes contain two insertion segments of 28 bp and either 96 bp or 125 bp relative to tobacco. If the insertions are disregarded, our best alignment of the shared sequences shows -75% similarity.
Comparison among the four Oenothera plastomes shows a 29-bp tandem repeat in plastome I, whereas only one copy of the sequence appears in plastomes II-IV (bracketed in fig. 3 ). This segment and adjacent regions are absent from tobacco cpDNA. Plastomes I and II also differ from plastomes III and IV in a single point mutation (indicated in fig. 3 by a box).
Discussion
Oenotheru plastomes can be distinguished genetically (Kutzelnigg and Stubbe 1974; Schoetz 1974; Chiu et al. 1988) and by the analysis of cpDNA restrictionpattern polymorphisms (Gordon et al. 1982) . However, the ability to differentiate among the plastomes has not provided any clues about their phylogenetic relationships. The collection and analysis of DNA sequence information allowed this topic to be addressed.
Because plastome genes are highly conserved, we assessed the variability in the 472 bp constituting two intergenic regions of cpDNAs representing four plastome types from different species of Oenotheru and found that only one base substitution had occurred. A similar frequency of base substitution (two of 7 18 bases, or 0.28%) was observed in the adjacent reading frames of three ribosomal protein genes. In contrast, in the intergeneric comparison with tobacco, -10% of the nucleotides differ in the coding regions, while -25% of the nucleotides have undergone base substitution in the noncoding regions.
In addition to the base substitutions, three length mutations cause the Oenothera plastomes to differ from each other, and together these differences have allowed us to infer a phylogeny. As summarized in table 1, two of the three base substitutions occur in the rp116 gene and can be polarized relative to the outgroup tobacco. In the first case a T-to-G transversion is shared by plastomes III and IV, and in the second case a C-to-T transition is common to plastomes I and II, Although the third base substitution cannot be polarized relative to tobacco, it also links plastomes I and II and links plastomes III and IV. These data indicate that an early dichotomy occurred in the evolution of the Oenothera plastomes, with plastomes I and II having a common progenitor and with plastomes III and IV having a common progenitor.
This simple phylogeny is confirmed by the differences seen in the lengths of the poly-A segments in the rpll6-rpl14 spacer. As summarized in table 1, plastomes I and II have 13 adenines in the first oligo-A stretch, whereas plastomes III and IV have 14; in the second stretch, plastome I has 11 A residues, plastome II has 12 A'S, and plastomes III and IV have 19 A's. Since the outgroup has fewer A's in each oligo-A stretch, it is likely that the oligo-A segments have expanded during the evolutionary divergence of the Oenothera plastomes. The second oligo-A stretch allows plastome I and II to be distinguished, and plastome I is further differentiated by a unique 29-bp tandem duplication ( fig. 3 and table 1) ) which must have occurred following the divergence of plastomes I and II.
The low rates of nucleotide substitution that we have observed in the two intergenic regions of cpDNA from different species of Oenothera are consistent with those reported by Aldrich et al. ( 1988 ) and Kawaga and Kikuta ( 199 I) , who compared noncoding regions from cpDNAs of different genera. Their comparisons revealed 5%-10% base substitution among different genera of the Solanaceae, and Aldrich et al. found lO%-30% base substitution among representatives of different tribes of the subfamily Papilionoideae of the Fabales (alfalfa, soybean, and pea). Extreme sequence conservation has been reported for the psbB-psbH region of Oenothera plastomes I and V, where no base changes were found throughout 1,800 nucleotides constituting two genes, and for a MO-base intergenic spacer (Offermann-Steinhard and Herrmann 1990). Sequence differences were only seen 200 nucleotides 5' to the psbB gene, and they probably represented a single deletion/addition event. The extreme conservation between the plastome I and V sequences should indicate an extremely close phylogeny, but that conclusion would be surprising, since these are the most genetically distinct plastomes of the subsection Oenothera (Kutzelnigg and Stubbe 1974) . At this time, we cannot provide data to address this question, since our analysis did not include plastome V.
In the intergenic regions that we studied from the four Oenothera plastomes, the most common mutations seem to be length mutations, with the ratio of addition/ deletion events to nucleotide substitution being 3.0. In contrast, in the study by Aldrich et al. this ratio ranged was 0.2-1.0. These figures fit the predictions of Zurawski and Clegg ( 1987) , who pointed out that the relative number of deletions and additions, as opposed to base substitution, seems to decrease with increasing taxonomic distance. Because deletions/additions seem to involve direct repeats, they may occur multiple times at nearly the same site, yet they probably would be scored as a single event if the evolutionary comparisons were relatively broad. Deletion/insertion mutations also probably occur in genes-but are rarely recovered-because they would cause frameshift mutations, and thus they would have a selective disadvantage.
Concerning the processes responsible for length mutation, the involvement of direct repeats has been noted, and it has been proposed that the repeats may either cause misalignment of cpDNA molecules during recombination or act as sites of replication slippage 199 1; Zurawski and Clegg 1987; Aldrich et al. 1988 ) . As elaborated below, we believe that the length mutations that we have observed (both the oligo-A length variation and the tandem duplication) are best explained by strand slippage during the replication of cpDNA.
In bacteria, AT-rich regions have been shown to be prone to replication slippage (Levinson and Gutman 1987) , and all three of the Oenotheru cpDNA sites are AT rich. Several slippage events may have enlarged the oligo-A sequences in Oenotheru relative to those in tobacco, while the 29-bp duplication in plastome I probably occurred as a single slippage event, involving a 6-bp short direct repeat (GAAATA) found at the 5' end of the duplication and adjacent to its 3' end ( fig. 3) . A model illustrated in figure 4 shows replication proceeding in the 5'-to-3' direction through the region that was destined to be duplicated. Pausing of the replication complex is followed by melting of the AT-rich duplex and by slippage of the daughter strand. The sequence complementary to GAAATA on the newly synthesized strand reanneals with the preceding GAAATA repeat ( fig. 4B ). Subsequent replication then creates the duplication ( fig. 4C ). After the completion of replication in this region, melting and realignment of the strands would have resulted in a mismatch of the three bases preceding the GAAATA sequence, with heteroduplex repair fixing the TTG sequence. Albertini et al. ( 1982) proposed that the presence of inverted repeats would stabilize sites of replication slippage in Escherichia coli, but the 29-bp duplication of cpDNA contains no such palindromes. However, a 6-bp sequence complementary to the GAAATA repeat is found just upstream ( fig. 3 ) , and it is possible that this may have helped to stabilize the duplication during realignment ( fig. 4D) .
Alternatively, if two cpDNA molecules underwent homologous reciprocal recombination, with misalignment and exchange occurring at the 6-bp segments mentioned above, one cpDNA molecule would suffer a 29-bp deletion, while the other would obtain the reciprocal duplication. In bacteria, 6 bp would be of insufficient length to mediate homologous recombination (Allgood and Silhavy 1988) , but the rules of recombination have not been established for the chloroplast genetic system. The sizes of the length mutations are within the range of those ascribed to replication slippage in bacteria. In E. coli, slippage and mispairing of strands, followed by replication, can cause duplications or deletions of just one or two nucleotides (Levinson and Gutman 1987) , but this process also has been suggested to be responsible for 700-1 ,OOO-bp deletions that are bounded by regions of microhomology ( Albertini et al. 1982) . In addition to the data presented here, several length-mutation hot spots from dispersed sites on the Oenothera cpDNA (Blasko et al. 1988; W.-L. Chiu and B. B. Sears, unpublished data) and RFLPs cited by Zurawski and Clegg ( 1987) share the trait of containing multiple direct repeats, lending support to the concept that replication slippage has been of general importance in the evolution of the plastome.
Many of the differences seen in our intergeneric comparisons also could have been caused by replication slippage. In the rpd-rp114 intergenic region ( fig. 3 ) , three short (4-6-bp) insertion/deletions have occurred. The first is an oligo-T stretch (at tobacco position 83063-83073) that is 6 bp long in Oenothera and 11 bp long in tobacco. This region could have undergone slippage between single or multiple bases, resulting in either an expansion or a contraction of the oligo-T tract. The other two small differences are both insertions in Oenothera relative to tobacco, and each involves the duplication of a short, nearby sequence ( fig. 3 , short arrows at Oenothera positions 333-344 and 357-363) . This is also true for an insertion in the rp114-rp116 spacer of Oenothera relative to tobacco-at nucleotide 83575, where several adjacent and overlapping direct repeats can be found in the Oenothera sequence ( fig. 2) .
Two large insertions in the rps8-rp114 spacer in Oenothera relative to tobacco (Oenothera positions 115-240 and 267-298; see fig. 3 ) can be explained through replication slippage if they occurred through deletion of these segments in tobacco, since short and/or imperfect direct repeats are found at their borders. These sites resemble duplications and deletions reported in cpDNA of other species and thought to be mediated by short (6-24-bp), direct or inverted repeats (Zurawski et al. 1984; Doebley et al. 1987; Blasko et al. 1988; Ogihara et al. 1988; Stein and Hachtel 1988a, 1988b) . Palmer ( 1985a Palmer ( , 1991 has suggested that the short repeats could be involved in creating the length mutations through either recombination or slippage during either replication or repair. We think that slippage is the more likely mechanism, since homologous intramolecular recombination should cause inversions between small, indirect repeats, yet such rearrangements have not been seen very frequently. Furthermore, legitimate recombination in bacteria generally requires regions of a20 identical nucleotides (Allgood and Silhavy 1988 ) , and most of the aforementioned repeats bordering cpDNA insertions/deletions are < 10 nucleotides. However, we cannot rule out the possibility that evolutionary change may have caused the divergence of larger repeats, which originally directed recombination-mediated deletions or duplications.
Sequence Availability
These sequences have been deposited in GenBank under Acsession numbers M60179 and M60180.
